 Mitochondrial fission and fusion are implicated in age-related human pathologies.  Crucial to mitochondrial regulation is their dynamic nature in a network structure.  Mitochondrial fission and fusion are connected to cell cycle regulation, quality control, and transmission of energy status.
The molecular mechanisms of these two processes have been previously reviewed in great detail (Tilokani et al., 2018) , but here we will briefly describe the conserved proteins ( Table 1) and mechanisms that control these processes.
2.a. Fusion
In mammalian cells, fusion is coordinated by the OMM-located mitofusin (MFN) 1, MFN2 and optic atrophy 1 (OPA1), located on the IMM, in separable sequential events (Malka et al., 2005; Song et al., 2009) . The mitofusins are dynamin-like GTPases that contain conserved catalytic GTP-binding domains at the N termini, and are anchored to the OMM by C-terminal transmembrane domains (Wai and Langer, 2016) . They each contain two hydrophobic heptad repeats which, during fusion, interact between adjacent mitochondria (Koshiba et al., 2004) . The fusion of the OMMs is driven by GTP hydrolysis, which induces a conformational change to bring the opposing membranes in contact with one another (Cao et al., 2017; Qi et al., 2016) . MFN1 and MFN2 share approximately 80% similarity (Santel et al., 2003) , which is likely the reason that, when overexpressed, each protein is able to rescue the loss of the other to promote fusion (Chen et al., 2003) . MFN2 is also present in the ER and controls tethering of the ER to the mitochondria (Basso et al., 2018; de Brito and Scorrano, 2008; Naon et al., 2016) , which, as discussed later, aids in the mitochondrial constriction of the fission process (Cohen et al., 2018) .
OPA1 is a dynamin-like GTPase anchored to the IMM by an N-terminal transmembrane domain and is responsible for the fusion of inner mitochondrial membranes (Delettre et al., 2000) . Alternative splicing of OPA1 gives rise to long forms (L-OPA1) that can be proteolytically cleaved to short forms (S-OPA1). This cleavage is executed by two IM peptidases: OMA1 and YME1L (Anand et al., 2014) . In addition to OPA1, cardiolipin, a mitochondria-specific lipid, is critical to IMM fusion (Ban et al., 2017; Tilokani et al., 2018) . The interaction between L-OPA1 and cardiolipin on either side of the membrane tethers the two IMM, which fuse following OPA1-dependent GTP hydrolysis (Liesa et al., 2009 ). S-OPA1 has been proposed to act as an enhancer of OPA1-CL interaction and fusion (DeVay et al., 2009;  J o u r n a l P r e -p r o o f OMM constriction has been well documented, but the mechanism of IMM division is still unclear (Tilokani et al., 2018) . Recent work has suggested that IMM constriction is Ca 2+dependent and occurs at mitochondria-ER contact sites, even suggesting a possible role for S-OPA1 in untethering the OMM from the IMM during fission (Chakrabarti et al., 2018; Cho et al., 2017) . However, further study is necessary to confirm these results and fully understand the fission process of the IMM.
Mitochondria in cells lacking DRP1 adopt a hypertubular configuration with a highly connected and elongated network in yeast, worms and mammals (Labrousse et al., 1999; Weir et al., 2017) . It should be noted that both DRP1 and its receptors also localize to the peroxisomal membranes where they perform membrane fission (Schrader et al., 2016; Waterham et al., 2007) . Therefore, studies that ablate DRP1 may also affect cellular processes outside of mitochondrial fission alone. DRP1 can be both activated and inactivated by phosphorylation, depending on the phosphorylated residue, and further regulated by ubiquitylation and SUMOylation (Galvan et al., 2019; Jhun et al., 2018; van der Bliek et al., 2013) . DRP1 phosphorylation can be regulated by a number of factors, including exercise (Moore et al., 2019) and circadian rhythm (Schmitt et al., 2018) though the mechanisms between these processes and the phosphorylation remain unknown.
Mitochondrial dynamics in aging
Deterioration in mitochondrial function is one of the nine currently established hallmarks of aging (Lopez-Otin et al., 2013) . Over recent years, mild mitochondrial perturbations in various animal models including mice, Drosophila melanogaster, and
Caenorhabditis elegans have been shown to delay aging and age-related functional declines (Cho et al., 2011; Dell'agnello et al., 2007; Dillin et al., 2002; Houtkooper et al., 2013; Lee et al., 2003; Liu et al., 2005) . Under these conditions, not only is mitochondrial function affected, but also affect mitochondrial form, seemingly via mitochondrial fission and fusion.
However, the role of mitochondrial dynamics in lifespan regulation is not well elucidated.
The yeast field has provided some solid connections, yet there is currently limited evidence J o u r n a l P r e -p r o o f causally connecting these two processes in higher organisms. Studies in Saccharomyces cerevisiae have shown that fission inhibition increases longevity, while unopposed fission shortens lifespan (Scheckhuber et al., 2007) . In line with these observations, studies in C. elegans and D. melanogaster showed that increased mitochondrial fusion is associated with increased longevity (Chaudhari and Kipreos, 2017; Rana et al., 2017) , and in worms, fragmentation of the mitochondrial network correlates with age (Houtkooper et al., 2013; Jiang et al., 2015; Regmi et al., 2014) (Table 2) . However, yeast and worms yield opposite effects on longevity upon simultaneous ablation of both fission and fusion processes. In yeast, doing so shortens replicative lifespan (Bernhardt et al., 2015) while in worms a frozen mitochondrial network promotes longevity (Weir et al., 2017) . Though these differences between unicellular and multicellular organisms are interesting, and certainly warrant future study, the subsections presented below focus on complex, multicellular animal models.
A number of studies have shown that mitochondrial dynamics are required for lifespan extension in distinct long-lived conditions, including TORC1-mediated longevity, AMPKmediated longevity, and upon dietary restriction (Burkewitz et al., 2015; Weir et al., 2017; Zhang et al., 2019) (Table 2) . Similarly, in mice, caloric restriction (CR) caused increased mitochondrial length and width in muscle fibers, and this effect was dependent on the mitochondrial biogenesis transcriptional coactivator, PGC-1α (Finley et al., 2012) . However, more study is necessary to understand these connections, as different longevity regimens cause different cellular responses involving distinct molecular mechanisms. While AMPKmediated longevity requires both fission and fusion (Weir et al., 2017) , longevity induced via TORC-1 specifically requires mitochondrial fusion (Zhang et al., 2019) . Considering this context dependence, it will be necessary to unravel the mechanisms further to understand how these processes are required for specific lifespan extension interventions.
While much remains to be studied to causally connect mitochondrial dynamics with lifespan per se, there already exists a strong body of evidence in multicellular animal organisms tying mitochondrial dynamics to specific cellular and molecular hallmarks of aging.
We discuss below how mitochondrial dynamics specifically affect cell viability, senescence, J o u r n a l P r e -p r o o f mitochondrial health, bioenergetics, quality control and intracellular signaling. Each of these processes plays an important role in aging, tying even more tightly together the connections between mitochondrial form and function with longevity.
3.a. Mitochondrial function and energy states
Different mitochondrial network states are associated with specific nutrient states. A nutrient-rich environment tends to accompany a fragmented mitochondrial network, whereas starvation leads to elongated and fused mitochondria (Liesa and Shirihai, 2013; Rossignol et al., 2004; Tondera et al., 2009) . While these effects are not universal, and do not lead to unopposed fission or fusion, imbalance of the system has led to these observations. The network exhibits a high level of plasticity, allowing rapid rescue if nutrient status changes (Schrepfer and Scorrano, 2016) . Mitochondrial fusion tends to lead to an increase in bioenergetics efficiency, maintaining ATP production even upon limited nutrients and therefore allowing the cell to maintain viability (Gomes et al., 2011; Rambold et al., 2011) . Meanwhile, mitochondrial fragmentation is associated with increased oxidative stress, mitochondrial depolarization, and reduced ATP production (Jheng et al., 2012) . The decreased bioenergetics efficiency may serve as a protective mechanism from the detrimental effects associated with nutrient overload (Liesa and Shirihai, 2013) .
These metabolic inputs regulate the proteins and processes of fission and fusion.
DRP1 particularly seems to play a large role. Under starvation conditions, PKA phosphorylates DRP1, thereby blunting the fission process (Gomes et al., 2011; Rambold et al., 2011) .
Conversely, excess of glucose is also dependent on DRP1 to fragment mitochondria and increase levels of ROS (Yu et al., 2006) , suggesting a potential role for DRP1 in treatment of metabolic diseases, as discussed below.
Upon MFN2 deletion, mammalian cells have decreased oxygen consumption, increased proton leak, reduced mitochondrial membrane potential, increased production of ROS, thereby leading to reduced glucose, pyruvate and fatty acid oxidation (Bach et al., 2003; Mourier et al., 2015; Sebastian et al., 2012) . Interestingly, one study in this cell model J o u r n a l P r e -p r o o f demonstrated that insufficient coenzyme Q levels could explain the deficient respiratory chain activity (Mourier et al., 2015) . Similarly, knockdown of OPA1 reduces mitochondrial membrane potential and increases proton leak, leading to overall reduction in basal, ATP-coupled, and maximal respiration (Buck et al., 2016; Chen et al., 2005; Zhang et al., 2011) . Contrary to Mfn2 deletion, an increase in mitochondrial respiration and ROS production is observed in POMC neurons with ablated Mfn1 (Ramirez et al., 2017) . However, the effect was not conserved in mice missing Opa1 in POMC neurons (Ramirez et al., 2017) , suggesting the effect is specific to Mfn1, not mitochondrial fusion.
3.b. Cell viability and senescence
Cell proliferation requires a great deal of energy, and these energy states seem, at least in part, to be regulated by the mitochondrial network. Mitochondria elongate in the G1 and S phases, creating an energy-conservative state to provide enough ATP for cell replication (Mitra et al., 2009; Schieke et al., 2008; Schrepfer and Scorrano, 2016) . Entry into S phase can be induced by Drp1 knockdown via increased cyclin E expression (Mitra et al., 2009) , demonstrating the balance between mitochondrial fission and fusion, even in the context of cell cycle regulation.
In the G2/M phases, mitochondria tend to fragment, presumably to ensure equal distribution of mitochondria between daughter cells (Mitra et al., 2009; Taguchi et al., 2007) .
Knockdown of FIS1 causes replicative stress and G2/M arrest (Lee et al., 2014; Qian et al., 2012; Salazar-Roa and Malumbres, 2017) . Regulation of mitochondrial dynamics and cell cycling has been reviewed previously in more depth (Horbay and Bilyy, 2016; Salazar-Roa and Malumbres, 2017) .
Cellular senescence, whereby cells cease division and enter a quiescent state, characterized by the secretion of inflammatory signaling factors, is a well-described hallmark of aging (Lopez-Otin et al., 2013) . Senescent cells have a decreased capacity for mitochondrial biogenesis and ATP synthesis (Liesa and Shirihai, 2013) . Aged organisms and tissues tend to accumulate senescent cells, and their clearance increases lifespan (Baker et Baker et al., 2011; Gorgoulis et al., 2019; Xu et al., 2018) . Senescent cells have reduced FIS1 and DRP1 expression, with slightly increased MFN protein levels (Gomes et al., 2011; Lee et al., 2007; Yoon et al., 2006) . Knockdown of FIS1 in human cells also triggers premature senescence-associated phenotypes, such as lysosomal accumulation, which can be reversed by abrogation of mitochondrial dynamics through additional knockdown of OPA1 (Lee et al., 2007) . Additionally, while senescence is related to hyper-tubular mitochondrial networks, apoptosis is associated with mitochondrial fragmentation (Frank et al., 2001) .
Altogether, these data suggest that an individual cell's life cycles are marked by distinct mitochondrial network structures, responding in large part to balance specific energy states.
However, there is limited recent evidence tying together the role of mitochondrial dynamics and cellular senescence. This would be an interesting topic for future research as it connects two well-established hallmarks of aging.
3.c. Mitochondrial quality control mechanisms

3.c.1. Mitochondrial proteostasis
Aging is accompanied by a gradual loss of proteostasis and interventions that maintain proteostasis, such as by increasing molecular chaperone expression or promoting protein turnover, have been implicated in health and longevity in animals (Jensen and Jasper, 2014) .
For example, the mitochondrial unfolded protein response (UPR mt ) is a mitochondria-tonucleus retrograde signaling cascade that limits protein import and induces expression of chaperone and protease genes to maintain mitochondrial protein homeostasis (Haynes and Ron, 2010) . Studies in C. elegans have shown that moderate mitochondrial dysfunction resulting from inhibition of mitochondrial translation or mitochondrial electron transport chain activate the UPR mt to promote longevity (Durieux et al., 2011; Houtkooper et al., 2013) .
The instrumental role of mitochondrial dynamics in mitochondrial proteostasis lies in the concept of fusion-mediated content mixing and fission-mediated separation. Fusion allows the exchange of mitochondrial contents between adjacent mitochondria which facilitates functional complementation in the face of mitochondrial deficits (Liu et al., 2009) . In contrast, J o u r n a l P r e -p r o o f fission allows an equal distribution of the mitochondrial proteome and mtDNA in two daughter mitochondria during mitochondrial biogenesis (Mishra and Chan, 2014) . Fission also functions by segregating dysfunctional and superfluous mitochondria for degradation through mitochondrial autophagy (mitophagy, discussed below). A direct link between the mitochondrial network and mitochondrial proteome homeostasis has been suggested by studies in C. elegans, where genetically blocking fission or fusion evokes protein misfolding stress, thereby activating the UPR mt (Zhang et al., 2018) . Moreover, loss of mitochondrial protein homeostasis coincides with dysregulation of mitochondrial dynamics and abnormal mitochondrial morphology during aging (Houtkooper et al., 2013; Leduc-Gaudet et al., 2015; Moehle et al., 2019; Sebastian et al., 2016) . It will be interesting in the future to test if rebalancing fission and fusion will revert the decline of mitochondrial protein homeostasis so as to benefit longevity and health in aged animals.
3.c.2. Mitochondrial DNA integrity
Loss of mtDNA integrity and stability is a major cause of mitochondrial dysfunction and the accumulation of mtDNA mutations with age has been implicated in cellular dysfunction (Kujoth et al., 2005; Linnane et al., 1989; Trifunovic et al., 2004) . Knock-in mice expressing a proofreading-deficient form of polymerase POLG, the so-called 'mutator mice', significantly accumulate mtDNA mutations in various tissues and exhibit premature aging phenotypes such as hair loss, graying, sarcopenia, and deafness (Kujoth et al., 2005) .
Mitochondrial fusion is important for maintaining mtDNA levels and mtDNA fidelity (Chen et al., 2010; Papanicolaou et al., 2012a) . Patients with OPA1 mutations harbor mtDNA deletions in their skeletal muscle, suggesting an association between fusion and mtDNA instability Hudson et al., 2008) . In addition, reducing mitochondrial fusion by conditionally ablating mitofusins in mouse skeletal muscle or heart results in profound reductions in mtDNA content, great accumulations of mtDNA mutations, and development of mitochondrial myopathy in both muscle and heart (Chen et al., 2010;  J o u r n a l P r e -p r o o f Papanicolaou et al., 2012a) . Moreover, fusion also confers high tolerance to mtDNA lesions in cells through content mixing, thereby suppressing expression of mitochondrial dysfunctionrelated disease phenotypes in mice Ono et al., 2001) . Conversely, blocking fission in mouse embryonic fibroblasts does not have a significant effect on mtDNA levels (Ishihara et al., 2009 ). Overall, these results demonstrate the beneficial effects of fusion in safeguarding mtDNA integrity, thereby highlighting fusion as a potential therapeutic target for aging and mtDNA-related diseases (Chen et al., 2010; Nakada et al., 2009 ).
3.c.3. Mitochondrial-derived vesicles
Mitochondrial-derived vesicles (MDVs) recently emerged as a mitochondrial quality control pathway that acts to remove oxidized proteins and lipids in mitochondria. This pathway provides a fine-tuned mitochondrial repair system before accumulation of too much damage, thereby preventing complete elimination of mitochondria by mitophagy. Although investigation of the factors constituting MDVs transport system is just begun, it seems that some essential components of the mitophagy process also participate in lysosome-targeted MDV formation (Sugiura et al., 2014 Given the connection between mitophagy and MDVs, dysfunction of MDVs is speculated to trigger premature mitophagy, which consequently impairs the hierarchical surveillance network of mitochondrial quality control mechanisms, encompassing the UPR mt , J o u r n a l P r e -p r o o f mitochondrial fission and fusion, MDVs, and mitophagy (Sugiura et al., 2014) . As such, deficiency in MDVs may contribute to aggregation of global cellular damage and dysfunctional mitochondria during aging (Sugiura et al., 2014) . Understanding the molecular mechanisms required for formation and trafficking of MDVs will foster our understanding about how cargoes are specifically incorporated into MDVs, the role of MDVs in mitochondrial quality control, and also how defects in MDVs pathways are implicated in human diseases.
3.c.4. Mitophagy
Mitophagy is a specific form of autophagy that exclusively eliminates damaged and superfluous mitochondria in cells (Ding and Yin, 2012) . A functional decline in mitophagy results in the accumulation of dysfunctional mitochondria, a shared hallmark of aging and aging-related pathologies (Lopez-Otin et al., 2013; Sun et al., 2016) . Many mechanistic aspects of mitophagy were resolved in yeast (for a comprehensive overview we refer the reader to (Furukawa et al., 2019; Kanki et al., 2015) , but the links between mitophagy and animal aging are less clear.
Several mitophagy signaling cascades are differentially activated in response to various stimuli under distinct cellular contexts in mammalian cells (Palikaras et al., 2017; Wei et al., 2015) . Depending on whether ubiquitin (Ub) is required for the recognition of cargoes for degradation, mitophagy pathways can be classified into ubiquitin-dependent and mitochondrial receptor-mediated mechanisms (Khaminets et al., 2016; Pickles et al., 2018) ( Figure 2) . Much of what is known about ubiquitin-dependent mitophagy involves PINK1 and Parkin that, when mutated, can cause familial Parkinson's diseases (Kitada et al., 1998; Valente et al., 2004) . Upon stresses such as mitochondrial depolarization or mitochondrial proteotoxicity, PINK1 accumulates on the mitochondrial surface and recruits ubiquitin E3
ligase Parkin, which ubiquitinates outer mitochondrial membrane (OMM) proteins to facilitate mitochondria removal (Harper et al., 2018; Matsuda et al., 2010; Ordureau et al., 2014) .
Mitochondrial receptor-mediated mitophagy occurs in response to specific stresses such as J o u r n a l P r e -p r o o f hypoxia or during erythropoiesis. Upon activation, the OMM proteins, such as BCL-2-like protein 13 (BCL2L13), NIX (also called BCL2/adenovirus E1B-interacting protein 3-like, BNIP3L), BNIP3, and FUNDC1 (FUN14 domain-containing protein 1), serve as mitophagy receptors to interact with autophagosomes through their LC3-interacting region (LIR) motifs and promote mitochondrial degradation (Gatica et al., 2018; Hamacher-Brady et al., 2007; Liu et al., 2012; Murakawa et al., 2015; Quinsay et al., 2010; Rogov et al., 2017) .
Mitochondrial dynamics is a common target of various mitophagy pathways to initiate the degradation process. Upon mitochondrial depolarization, MFN1 and MFN2 are ubiquitinated by Parkin, which promotes their degradation, thereby abolishing fusion, promoting mitochondrial fragmentation, and facilitating mitophagy (Gegg et al., 2010; Ziviani et al., 2010) . In addition, in most cancer cells where Parkin is not expressed, the E3 ubiquitinprotein ligase ARIH1 ubiquitinates MFN2 and promotes its degradation through the proteasome upon CCCP-induced mitophagy (Villa et al., 2017) . Moreover, MFN2 is phosphorylated by PINK1 to recruit Parkin to impaired mitochondria upon depolarizationinduced mitophagy in mouse cardiac myocytes (Chen and Dorn, 2013) . PINK1 also upregulates DRP1 activity in mitophagy by preventing its phosphorylation from protein kinase A (PKA), which promotes segregation of damaged mitochondria for degradation (Pryde et al., 2016) . Additionally, under the stress of hypoxia in Hela cells, FUNDC1 activated DRP1 in mitophagy Liu et al., 2012) . Collectively, these data show that mitochondrial fragmentation is necessary in mitophagy pathways.
Conventionally, the role of mitochondrial division in mitophagy is thought to fit long and tubular mitochondria into nascent autophagosomes (Gomes et al., 2011; Kageyama et al., 2014; Rambold et al., 2011; Tanaka et al., 2010) . Indeed, a number of studies have provided evidence in support of the necessity of fission in the induction of mitophagy (Gomes et al., 2011; Ikeda et al., 2015; Kageyama et al., 2014; Kanki et al., 2009; Rambold et al., 2011; Tanaka et al., 2010; Twig et al., 2008) . However, some forms of mitophagy, for instance when induced by hypoxia, occur independent of mitochondrial division (Yamashita et al., 2016) . In addition, studies in yeast also found that Dnm1 is dispensable for mitophagy (Bernhardt et al., J o u r n a l P r e -p r o o f 2015; Kanki et al., 2009; Mendl et al., 2011; Yamashita et al., 2016) . Therefore, it is still controversial whether fragmentation mediated by the canonical core components of mitochondrial fission machinery is a prerequisite for mitophagy.
It should be noted that the current understanding of the role of mitochondrial division in mitophagy described above is based predominately on experimental evidence obtained after massive induction of mitophagy, such as using mitochondrial membrane potential uncouplers. This causes severe impairments of mitochondrial and cellular functions, which does not represent situations under physiological conditions. One study instead activated PINK1-Parkin-mediated mitophagy by expressing the mitochondrial-localized mutant ornithine transcarbamylase (OTC) in mammalian cells to better represent physiological conditions (Burman et al., 2017) . They reported that rather than being required for mitophagy, DRP1
selectively segregated mitochondrial subdomains that contain accumulated misfolded protein aggregates for elimination through mitophagy (Burman et al., 2017) . Furthermore, a recent study revealed a novel function of DRP1 in affecting mitochondrial membrane potential (Cho et al., 2019) . Specifically, under normal conditions, DRP1 can transiently reduce mitochondrial membrane potential at division sites in mammalian cells (Cho et al., 2019) . This reduction in mitochondrial membrane potential was rapidly restored in healthy mitochondria, whereas damaged mitochondria failed to do so and therefore underwent mitophagy (Cho et al., 2019) . This is proposed as a routine surveillance mechanism and negative selection pressure to maintain mitochondrial quality (Cho et al., 2019) . It is necessary in future studies to determine the functions of DRP1 and DRP1-mediated fission in mitophagy in different physiological contexts to gain a comprehensive understanding of the significance of mitochondrial fission in mitochondrial homeostasis.
Mitophagy maintains mitochondrial homeostasis and its decline with age contributes
to an accumulation of dysfunctional mitochondria, a cause of numerous diseases of old age (Lopez-Otin et al., 2013; Sun et al., 2016; Wallace, 2005) . Interventions that boost mitophagy benefit health and longevity in multiple model organisms ranging from yeasts to mice (Aparicio et al., 2019; Palikaras et al., 2015; Rana et al., 2017; Ryu et al., 2016; Schiavi et al., 2015) .
J o u r n a l P r e -p r o o f
For example, studies in C. elegans reveal an important role of mitophagy in longevity assurance Schiavi et al., 2015) . Inhibiting mitophagy through loss of the mitophagy regulators dct-1 (NIX/BNIP3L homolog) or pink-1 (PINK1 homolog) leads to an accumulation of dysfunctional mitochondria and compromises animals' resistance to various types of stress such as oxidative stress, heat stress, and starvation .
Moreover, in long-lived C. elegans such as the insulin/IGF1 receptor mutant daf-2 and animals with moderate mitochondrial dysfunction, induction of mitophagy through dct-1 or pink-1 is key to their longevity assurance Schiavi et al., 2015) . Studies in D.
melanogaster provide further support of a direct role of mitophagy in lifespan determination (Aparicio et al., 2019; Rana et al., 2017) . Upregulation of an autophagy receptor p62 (also known as Sequestosome 1) in middle-aged flies promotes mitochondrial fission and mitophagy to prolong lifespan. In addition, Drp1 overexpression in aging flies reverses agerelated mitochondrial enlargement, restores mitochondrial respiratory function, and facilitates mitophagy, so as to delay age-onset pathology and prolong lifespan (Rana et al., 2017) .
Moreover, pharmacological activation of mitophagy through dietary supplementation of urolithin A also prolongs C. elegans lifespan (Ryu et al., 2016) . Urolithin A treatment in C.
elegans induces mitochondrial fragmentation and autophagy-dependent mitochondrial removal (Ryu et al., 2016) . In aged mice, urolithin A stimulates autophagy in gastrocnemius muscle and prevents age-related decline of muscle function (Ryu et al., 2016) . In summary, these findings suggest that targeting mitochondrial fission-mitophagy axis provides promising therapeutic choices to benefit organismal health and lifespan.
3.d. Bioenergetics and metabolic signaling pathways
Nutrients are vital for life. Therefore, it is not surprising that the prime signaling pathways that function in sensing, absorbing, and consuming nutrients also modulate the rate of aging. These include the insulin/insulin-like growth factor 1 (IIS) signaling pathway, mammalian target of rapamycin (mTOR), and AMP-activated kinase (AMPK) pathways (Houtkooper et al., 2010; Templeman and Murphy, 2018) .
J o u r n a l P r e -p r o o f
An increasing body of evidence suggests the importance of mitochondrial morphology in these energy-sensing signaling pathways to influence metabolism, health, and longevity (Figure 3) . Studies in C. elegans show that genetically suppressing the IIS receptor DAF-2 increases the level of mitochondrial fusion by preventing degradation of EAT-3 (OPA1 homolog in C. elegans), and the fused mitochondrial network is required for DAF-2 inhibitionmediated longevity (Chaudhari and Kipreos, 2017) . Conversely, promoting mitochondrial fusion by depleting the fission gene drp-1 amplifies the effect of reduced insulin signaling on longevity (Yang et al., 2011) . Inhibiting LET-363/TOR in C. elegans also engenders a fused mitochondrial network, which is necessary for its beneficial effects on longevity (Chaudhari and Kipreos, 2017) . Furthermore, inhibiting mTOR abrogates translation of its target gene mitochondrial fission process 1 (MTFP1) in mouse embryonic fibroblasts, thereby causing mitochondrial hyperfusion and protecting cells from apoptosis (Morita et al., 2017) . In contrast to the pro-fission effect of insulin signaling, as described above, studies in cultured rat cardiomyocytes reported that a 3 hour treatment of insulin upregulates OPA1 at the protein level and leads to an interconnected mitochondrial network partially through the Akt/PKB-mTOR signaling pathway (Parra et al., 2014) . A similar disconnect involving bimodal effects on mitochondrial dynamics appears to happen upon CR. CR is by far the most effective and non-invasive way to improve health and deaccelerate aging in most organisms through an AMPK-dependent mechanism (Fontana et al., 2010) . An increase in mitochondrial size has been reported in skeletal muscle from caloric restricted mice, which may contribute to CRmediated improvement of mitochondrial function (Finley et al., 2012) . Moreover, CR and constitutively active AAK2 (AMPK2 homolog) was shown to prolong lifespan in C. elegans by maintaining mitochondrial network connectivity (Weir et al., 2017) . Overexpressing of constitutively active AMPK in human endothelial cells also promoted mitochondrial fusion by lowering the protein level of DRP1 . In contrast, upon acute mitochondrial stress such as inhibition of mitochondrial electron transport chain through treatment of rotenone or antimycin A, AMPK mediated mitochondrial fragmentation in cultured human cells (Toyama et al., 2016 ). Short-term pharmacological (1 hour) activation of AMPK was also sufficient for mitochondrial fragmentation in cultured human cells (Toyama et al., 2016) . The apparent discrepancy regarding the effect of insulin and AMPK signaling on mitochondrial network might be, at least partially, explained by the varied type (acute vs mild) and duration (long-term vs short-term) of stress used in cell lines or animal models. Together, these results highlight that the adaptation of the mitochondrial network is required by these nutrient-sensing pathways to exert beneficial effects on longevity. Future studies are warranted to determine the mechanism by which mitochondrial morphology engages in lifespan regulation upon activation of various nutrient-sensing signaling pathways. In this sense, it will be interesting to evaluate whether the outputs of fission and fusion such as mitochondrial respiration, mitophagy, and ROS production are associated with longevity mediated by nutrient-sensing signaling pathways.
Implications of mitochondrial dynamics in human pathology
Defects in mitochondrial dynamics lead to mitochondrial dysfunction, which is an unequivocal culprit in the pathogenesis of various human diseases ( Table 2) . Some disorders linked to mitochondrial dynamics are caused by monogenic mutations that directly alter fusion or division activity, while many other diseases associated with mitochondrial dynamics result from diverse environmental and genetic factors, such as cardiovascular diseases, neurodegenerative diseases, and metabolic disorders.
4.a. Mutations in mitochondrial dynamics genes as the primary cause of neurodegenerative diseases.
The importance of mitochondrial dynamics in the neural system was first corroborated by genetic studies that identified mutations of mitochondrial fission and fusion machinery in human neurodegenerative diseases (Alexander et al., 2000; Delettre et al., 2000; Kijima et al., 2005; Waterham et al., 2007; Zuchner et al., 2004) . A mutation in MFN2 causes Charcot-Marie-Tooth Type 2A (CMT2A) disease with clinical manifestations of the peripheral J o u r n a l P r e -p r o o f neuropathy (Vance, 2000; Zuchner et al., 2004) . According to the functions of MFN2, several mechanisms have been proposed to be responsible for the pathogenesis of CMT2A. Firstly, due to the importance of mitochondrial fusion in maintaining mtDNA integrity, inhibiting this process results in mtDNA depletion and thus dysfunction of mitochondrial respiratory chain, which renders neurons more susceptible to death (Chen et al., 2005; Ono et al., 2001) . In line with this hypothesis, the absolute mtDNA copy numbers in CMT2A patient skeletal muscle biopsies were reduced approximately two-fold when compared to healthy controls (Vielhaber et al., 2013) . MFN2 is also related to the pathogenesis of CMT2A through compromised mitochondrial transport in nerve cells. This is currently considered the major cause of neuronal degeneration in CMT2A, according to findings from previous animal studies (Baloh et al., 2007; El Fissi et al., 2018; Misko et al., 2010) . Mutation of MFN2 disrupts proper mitochondrial positioning which undermines the ability of mitochondria to fulfill the local energetic needs within axons, thus resulting in axonal degeneration (Misko et al., 2010) .
Heterozygous mutation in the fusion gene OPA1 results in autosomal dominant optic atrophy (DOA), an inherited neuropathy characterized by preferential loss of retinal ganglion cells (RGCs) and optic nerve fibers (Delettre et al., 2000; Votruba et al., 1998) . In addition, heterozygous OPA1 mutations are also associated with other symptoms including deafness, ataxia, axonal sensory-motor polyneuropathy, and mitochondrial myopathy Hudson et al., 2008; Payne et al., 2004) . Although different individuals with autosomal dominant optic atrophy may present varied clinical phenotypes, visual loss resulting from the retinal ganglion cells degeneration is the major clinical manifestation (Yu-Wai-Man and Newman, 2017) .
In contrast to neuropathies resulting from mutations in MFN2 and OPA1, which are late-onset disorders and have localized pathogenic effects, patients with dominant-negative mutation in DRP1 present more severe and fatal clinical abnormalities with a prenatal-onset including microcephaly, abnormal brain development, optic atrophy, and hypoplasia (Waterham et al., 2007) . This result suggests that mitochondrial fission plays a more critical role than does mitochondrial fusion in human health, which may be due to the fact that DRP1 J o u r n a l P r e -p r o o f mutations also led to impaired peroxisome fission which additionally exacerbates the severity of symptoms (Waterham et al., 2007) .
4.b. Neurodegenerative diseases associated with imbalanced mitochondrial dynamics.
Abnormal, fragmented mitochondrial networks have been implicated in many other neurodegenerative diseases that are not primarily caused by mutations in fission-or fusionrelated genes, such as Parkinson's disease (PD), Alzheimer's disease (AD), and Huntington's disease (HD). For example, loss of PINK1 or Parkin in human SH-SY5Y cells, associated with PD, results in excessive mitochondrial fragmentation mediated by DRP1 (Dagda et al., 2009; Lutz et al., 2009) . Blocking the fission process attenuates dopaminergic neuronal degeneration and restored striatal dopamine release in both a PINK1 deletion PD mouse model and an environmental PD mouse model (Rappold et al., 2014) . In addition, beta-amyloid, believed to be the primary cause of Alzheimer's disease, increases neuronal nitric oxide, which triggers mitochondrial fragmentation and neuronal damage by activating DRP1 through Snitrosylation (Cho et al., 2009) . Consistent with this observation, the level of S-nitrosylated DRP1 is also elevated in brains of human AD, suggesting mitochondrial fragmentation as a contributor to the pathogenesis of AD (Cho et al., 2009) . Accordingly, inhibiting mitochondrial fission pharmacologically alleviates beta-amyloid-caused neuronal apoptosis (Kim et al., 2016) . In addition, Tau and mutant huntingtin were shown to directly interact with and activate DRP1, consequently augmenting fission and sensitizing neurons to apoptosis observed in patients with HD (Shirendeb et al., 2011) or AD (Manczak and Reddy, 2012) . Collectively, these data highlight mitochondrial fragmentation as an important contributor to the pathogenesis of these neurodegenerative diseases and suggest that restoring homeostasis of mitochondrial morphology genetically and/or pharmaceutically is a potentially viable and appealing therapeutic strategy to treat these diseases.
4.c. Mitochondrial dynamics and cardiovascular disease
J o u r n a l P r e -p r o o f
The heart is rich in mitochondria due to high energy demands for the excitationcontraction cycle. Decreases in mitochondrial density, OXPHOS, and mitochondrial fusion proteins including MFN1 and OPA1 have been found in failing hearts in humans (Ahuja et al., 2013; Rosca and Hoppel, 2010) . Conditional combined Mfn1/Mfn2 knockout in adult mouse heart leads to overall fragmentation of the mitochondrial network, dysfunction of cardiomyocytes, and eventually overt heart failure after seven to eight weeks of tamoxifen induction of the knockout (Jin et al., 2011) . Interestingly, although MFN1 and MFN2 share high sequence similarities in mammals and are both abundant in the heart (Santel and Fuller, 2001) , individual knockout of either Mfn1 or Mfn2 leads to distinct effects on cardiac functions (Papanicolaou et al., 2011; Papanicolaou et al., 2012b) . Conditional knockout of Mfn1 in mouse heart results in fragmented mitochondria. However, in this context, mitochondrial respiration is normal and the hearts of Mfn1 knockout mice present no gross abnormalities (Papanicolaou et al., 2012b) . In contrast, Mfn2-deficient mice develop modest cardiac hypertrophy and Mfn2 deficiency in adult cardiomyocytes leads to mitochondrial enlargement with increased production of mitochondrial ROS (Papanicolaou et al., 2011) . These results indicate that, in addition to mitochondrial fragmentation in the heart, some functions of MFN2 possibly contribute to heart dysfunction, such as its role in ER-mitochondria tethering and mitophagy, as discussed above. In addition, heterozygous Opa1 mice develop late-onset cardiomyopathy . These results point to the importance of mitochondrial fusion genes in preserving heart function.
In addition to heart dysfunction resulting from fusion deficiency, mitochondrial fissionrelated genes are also essential to the heart. Conditionally ablating Drp1 in adult mouse hearts results in lethal dilated cardiomyopathy and cardiomyocyte necrosis by generating enlarged mitochondria and activating mitochondrial permeability transition pores (Song et al., 2015) .
These data illustrate the significance of balanced fission and fusion in heart functions and the loss of either one will result in heart dysfunction.
Growing evidence supports the importance of balanced mitochondrial dynamics in cardiac functions. A concomitant depletion of Mfn1 and a mitochondrial fission gene (Mff), J o u r n a l P r e -p r o o f remarkably rescued Mff deletion-caused mitochondrial respiration deficiency, cardiacassociated dysfunction, and lifespan shortening in mice . In addition, mice with Mfn1/Mfn2/Drp1 triple knockout specifically in the heart have less severe cardiac defects and survive longer compared to mice with respective cardiac knockout of Mfn1/Mfn2 and Drp1 . In summary, these data demonstrate that fusion and division coordinately sustain cardiac function and suggest that preserving the balance of fusion and division might be a promising therapeutic strategy for cardiac disease.
4.d. Mitochondrial dynamics and metabolic disorders
Mitochondrial morphology reacts to distinct metabolic cues. A growing body of evidence suggests that mitochondrial network dysfunction is tightly associated with metabolic disorders including obesity, insulin resistance, and diabetes (Figure 3) . For example, in obese Zucker rats and obese humans, skeletal muscle mitochondria are smaller and fragmented, along with reduced Mfn2 expression (Bach et al., 2003) . Mfn2 deletion in mouse liver evokes glucose intolerance and results in insulin resistance in both liver and muscle (Sebastian et al., 2012) . Studies in rat models show that Mfn2 overexpression improves insulin sensitivity by reducing accumulation of lipid intermediates in skeletal muscle (Zhang et al., 2013) and
ameliorates high-fat diet induced insulin resistance in liver . In line with this observation, an increase in fission protein DRP1 and mitochondrial fragmentation has been also reported in skeletal muscle from mice with diet-or leptin-deficient-induced obesity (Jheng et al., 2012) . Inhibiting fission by treating diabetic mice with the DRP1 inhibitor mdivi-1 partly alleviates glucose-induced mitochondrial malfunction (Huang et al., 2015) . Although these findings suggest the association between mitochondrial fragmentation and development of insulin resistance, the mechanism underlying the alteration of mitochondrial morphology during the development of insulin resistance or metabolic syndromes is still elusive. In this context, more studies should focus on the regulation of mitochondrial dynamics proteins at the transcriptional, translational, and posttranslational levels in an attempt to answer if they are regulated by pathways of insulin signaling, and glucose and fatty acid metabolism.
J o u r n a l P r e -p r o o f
In contrast with metabolic inflexibility induced by Mfn2 deletion in mouse liver and skeletal muscle, adipose-specific Mfn2 knockout mice were resistant to high-fat diet-induced insulin resistance (Boutant et al., 2017) . These results suggest that the functions of MFN2 in energy homeostasis and metabolism are highly context dependent. Similarly, deletion of Mfn1 in mouse liver protects against insulin resistance induced by high-fat diet, despite mitochondrial fragmentation, which is opposite to the findings obtained in mice with Mfn2 deletion in the liver (Kulkarni et al., 2016) . This discrepancy can be partly reconciled by considering that in addition to mediating fusion, MFN2 is also involved in tethering the ER and mitochondria (de Brito and Scorrano, 2009 ). Indeed, liver-specific ablation of Mfn2 rather than Mfn1 in mice evokes ER stress (Kulkarni et al., 2016; Sebastian et al., 2012) . Future studies are warranted to elucidate the precise role of mitochondrial dynamics proteins in different tissues in relation to these metabolic disorders.
Concluding remarks
Mitochondria are major crossroads of catabolic and anabolic metabolism and signaling hubs that integrate diverse cellular signals to regulate cell growth, differentiation, vitality, and death. As such, mitochondrial dysfunction is one of the classical hallmarks of aging (Lopez-Otin et al., 2013) . Although knowledge of how mitochondria affect and are affected by aging has grown considerably in recent decades, there is still much to untangle with regards to how the mitochondria influences health and aging in complex organisms. Considering this question from the perspective of mitochondria network dynamics, the following conclusions emerge: (1) mitochondrial form and function are closely interlinked, and the dynamic nature of mitochondrial morphology permits mitochondria to adjust their functions in response to intrinsic and extrinsic signals through a prompt morphological rearrangement; (2) divergent cellular signaling pathways that control the rate of aging such as insulin/IIS, LET-363/TOR, AMPK, and mitochondrial dysfunction-mediated longevity pathways correspond to specific mitochondrial forms, ranging from hyperfused to fragmented patterns (Chaudhari and Kipreos, J o u r n a l P r e -p r o o f 2017; Lee et al., 2003; Morita et al., 2017; Trewin et al., 2018) ; (3) mitochondrial fission and fusion are integral to mitochondrial behavior, but the significance of each process to mitochondrial and cellular functions is highly context-dependent. We propose that remodeling mitochondrial morphology is likely the common strategy adopted by various signaling pathways to impinge on mitochondrial activities and therefore exert their influences on cellular bioenergetic homeostasis. However, more questions remain regarding the regulation of mitochondrial dynamics by cellular signaling pathways and even more so when considering implications in health and aging (see Outstanding Questions). In this regard, future investigations should focus on revealing regulatory mechanisms underpinning mitochondrial morphological changes in aging and aging-related pathologies as well as the downstream implications of the mitochondrial network in aging contexts. A better understanding of these principles will provide a promising opportunity to slow the progress of age-related diseases by targeting the mitochondrial network.
Outstanding questions:
1. A large body of evidence connects mitochondrial dynamics to aging in yeast. However, some findings, such as lifespan shortening when fission and fusion are both impaired, are opposite to those observed in multicellular organisms. How can we reconcile this for processes we expect to be conserved?
2. Besides enzymes such as AMPK, PKA, and calcineurins that alter the mitochondrial network by directly modifying mitochondrial dynamics proteins in mammalian cells, are there more enzymes, yet unknown, that also participate in this process?
3. How do mitochondrial morphology and dynamics proteins change with age in mammals?
Are these changes cell-type or tissue-specific? 6. What role does inter-organelle communication play during aging, such as that between mitochondria, ER, and lysosomes? How are mitochondrial dynamics related to these processes?
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